We use laser diffraction microscopy to visualize in real time the motion of partial dislocations in thin colloidal crystals confined in flat capillaries. The results show that the formation of partial dislocation loops with their associated stacking faults is an energetically preferred strain-relaxation channel for colloidal crystals. The local residual stress in the crystal can be estimated by measuring the velocity of the dislocations. Two types of interactions between the dislocations are observed, namely, that between two dislocations in two intersecting slide planes and that between two dislocations in two parallel slide planes. 6 The dislocations glide to the opposite interfaces of the film, leaving a stacking fault between them. It is contrast with the formation of perfect dislocations, 7 which are formed at strained interfaces by the bowing of threading dislocations or the expansion of microdislocation loops inside the strained layers. Currently, there is still a lack of knowledge about the strain-relaxation dynamics. The difficulty lies in the fact that it is almost impossible to perform a real time observation of the lattice imperfections in atomic crystals. Recent results 8, 9 showed that colloidal crystals can be used as ideal model systems for the atomic crystals. Dislocations in the colloidal crystals can be directly visualized, providing an illustrative model to address the fundamental questions about them.
We use laser diffraction microscopy to visualize in real time the motion of partial dislocations in thin colloidal crystals confined in flat capillaries. The results show that the formation of partial dislocation loops with their associated stacking faults is an energetically preferred strain-relaxation channel for colloidal crystals. The local residual stress in the crystal can be estimated by measuring the velocity of the dislocations. Two types of interactions between the dislocations are observed, namely, that between two dislocations in two intersecting slide planes and that between two dislocations in two parallel slide planes. © 2009 American Institute of Physics. ͓doi:10.1063/1.3253418͔
The dynamics of dislocations is crucial to the understanding of strain-relaxation, yielding, and fatigue of crystalline materials. 1 Taylor, 2 Orowan, 3 and Polyani 4 discovered independently the dislocations in 1934. Since then the dislocations have been investigated extensively in atomic materials. The strain-relaxation occurs generally by dislocation glide in thin films. The active slip systems are typically the 1 2 ͗110͘ Burgers vector and the ͕111͖ slip plane in fcc metals or sphalerite semiconductors. In some circumstances, however, partial dislocations are observed. The strain is relieved by generation of pairs of partial dislocations with Burgers vectors of the 1 6 ͗112͘ type. Such partial dislocations were recently observed in capped epitaxial semiconductor superlattices such as InP/AlAs/InGaAs ͑Ref. 5͒ and SiO 2 / SiGe/ SiO 2 . 6 The dislocations glide to the opposite interfaces of the film, leaving a stacking fault between them. It is contrast with the formation of perfect dislocations, 7 which are formed at strained interfaces by the bowing of threading dislocations or the expansion of microdislocation loops inside the strained layers. Currently, there is still a lack of knowledge about the strain-relaxation dynamics. The difficulty lies in the fact that it is almost impossible to perform a real time observation of the lattice imperfections in atomic crystals. Recent results 8, 9 showed that colloidal crystals can be used as ideal model systems for the atomic crystals. Dislocations in the colloidal crystals can be directly visualized, providing an illustrative model to address the fundamental questions about them.
The fabrication of photonic crystals that possess new and interesting optical properties is often based on the selfassembly of colloidal particles. The self-assembly process, however, often result in many intrinsic crystal defects such as point defects, dislocations and stacking faults. 10 The stacking faults exist extensively in colloidal crystals because of the extremely low stacking fault energy. The stacking faults can be characterized as breaks in the periodicity in the stacking sequence of close-packed crystallographic planes. In the worst case, this will result in a structure termed random hexagonally close-packed structure. Studies on the stacking faults are much needed because they have a strong negative effect on the optical properties of the colloidal crystals. 10 Experimentally, the presence of the stacking faults has been inferred indirectly from the sixfold symmetry of Kossel ring diffraction patterns 11, 12 and from secondary peaks in transmission spectra of colloidal crystals. 13 However, there has not been a report on the real time visualization of the formation and motion of the stacking faults in colloidal crystals.
In this work, we perform a real time observation of the motion of and the interaction between partial dislocation loops in thin colloidal crystals. The colloidal crystals were prepared in a thin flat capillary. 14, 15 Briefly, a suspension of uniform-sized polystyrene microspheres ͑Duke Scientific Corp., diameter 300 nm, standard deviation Յ3%͒ with a particle volume fraction of 4.8% in water was de-ionized using mixed-bed ion-exchange resin ͑Bio-Rad, AG501-X8͒ in vials until the suspension showed iridescence indicative of a crystal phase. The suspension was then introduced into a flat capillary flow cell. A laser diffraction microscope was used to observe the dislocations ͓see beam ͑beam 2 hereafter͒ is parallel to one of the diffracted beams. A 40ϫ objective with a CCD camera is located behind the sample to collect the images of the dislocations. With such a setup, one can easily observe the bright field and the dark field images, using beam 1 and beam 2, respectively, without rotating the sample or the objective, which would change the view field because of the very limited working distance of the objective.
It is seen from the laser diffraction pattern ͓inset in Fig.  1͑a͔͒ that the ͓111͔ direction of the colloidal crystal is perpendicular to the glass surface. The dislocations in an 80-m-thick colloidal crystal are shown in Fig. 1͑b͒ . When we change the illumination light from beam 1 to the beam 2, we get the dark field images, as shown in Fig. 1͑c͒ . Some dislocations in the bright field image disappear in the dark field image because they are not visible when their Burgers vectors satisfy the extinction condition g · b = 0. The number of dislocations decreases as the thickness of colloidal crystal is reduced. In order to investigate the individual dislocation conveniently, we prepared the crystals in a flat capillary with a thickness of 20 m. The dislocation lines are along the ͓110͔ or equivalent directions. They appear in pairs and look like the Shockley partial dislocations which are mostly observed in fcc metals. 16 The stacking fault between the dislocations induces stacking disorder, e.g., from ABCABCABC. . . to ABCABABCA. . ., along the normal direction of hexagonally close-packed planes. In metals, the Shockley partial dislocations usually appear in pairs, held together by a stacking fault of nonzero energy. The stacking faults in colloidal crystals usually expand to large areas owning to the very low energy cost associated with the stacking fault. [17] [18] [19] However, the colloidal crystals are confined in thin capillaries in our experiments. The dislocation pairs are observed because they cannot move out of the surface of the colloidal crystal. The distance between the two dislocations in a pair equals to h / tg͑␣͒, where h is the thickness of the colloidal crystal and ␣ is the angle between ͑111͒ and ͑111͒ planes. Setting h =20 m and ␣ = 70.5°, we find that the observed distance agrees with the expected value of 7.0 m. When we increase the thickness of the capillary to 40 m, the observed distance increases to 13.5 m, further confirming that the dislocations are confined by the glass surfaces.
We observed the motion of dislocations in the process of residual stress-release ͑Fig. 2͒. The stresses are created during the sample preparation and are released through plastic deformation which expands the stacking faults. Experimentally, the expansion of the stacking fault results in elongation of the dislocations ͑Fig. 2͒. A diagram depicting a typical dislocation loop is shown in Fig. 2͑h͒ . The dislocation loop consists of two straight segments that run parallel to the glass surface and two bowed segments at the ends of the loop. The movement of the segment at the end is driven locally by the shear stress. The speed of its movement is constant because the movement of the segment is resisted by the dislocation's line tension T and the drag force F d associated with the moving segment. The line tension of the dislocation is T = ͓Gb 2 / 4͑1−͔͒ln͑R / r c ͒, where G is modulus of the colloidal crystal, b is the magnitude of the Burgers vector, is the Poisson's ratio, and r c is the radius of the dislocation core. 8, 20 R is a geometric parameter whose magnitude is limited by the size of the crystal. It is taken to be ϳ20r c ͑about the thickness of the crystal͒ in the following discussion. The drag force per unit length is
is the velocity of the dislocation, and the effective solvent viscosity. 8, 20 The modulus of our colloidal crystals can be estimated to be about 0.05 Pa according to the data given in Refs. 21 and 22 . Supposing that the head of the spreading loop has a radius and the dislocation configuration does not change as the dislocation moves, the balance of the forces exerted on the moving head results in ͓see Fig. 2͑h͔͒ ,
Setting G = 0.05 Pa, =2/ 3, R =20r c , b = 0.4 m, and =10 m ͑about half of the sample thickness͒, the first term in the right hand side is 2.0ϫ 10 −3 Pa. This part of the shear stress is about a magnitude lower than the modulus of the colloidal crystal, similar to the relationship between the stress yield and the modulus of atom crystals. [2] [3] [4] According to the formula given in Ref. 23 , we can calculate the effective viscosity of the suspension by = ͑1+5⌽ / 2͒ w , where ⌽ is the volume fraction of the colloidal suspension, w is the viscosity of water. Taking w =8ϫ 10 −4 Pa s, b = 0.4 m, r c =3b, and using the measured velocity of a typical dislocations, v =14 m / s, we find that the corresponding stress is 2 ϫ 10 −4 Pa. The total shear stress that causes the dislocation to move is hence approximately 2.2ϫ 10 −3 Pa. The above discussion suggests a method to measure the local residual stress in colloidal crystals.
The distortion field around a dislocation core moves with the dislocation. When the dislocations on different slip planes approach each other, the distortion fields overlap and the interaction between them increases. Figure 3 shows how a dislocation loop running across a static one. The moving dislocation slows down as it approaches the static dislocation from its side. It is then totally stopped when the frontier of the moving one hits the static one. But the residual strain in the crystal is not released. It causes the rear of the moving dislocation loop to shrink. The overlapping area of the moving one and the static one has a higher stress which causes the lattice to distort harder as is revealed by the darker area at the touching point. The combined dislocations dissociate and the head of the movable dislocation loop spreads again when the stress at the touching point is accumulated over a critical value ͓Fig. 3͑g͔͒. We observed another type of interactions between two dislocation loops which lie on two parallel slip planes ͑Fig. 4͒. Under the same shear force the residual stress causes the two dislocation loops to move head on head because the signs of their Burgers vectors are opposite. When the heads of the two loops become close enough, the distortion fields around them overlap and repel each other. The force per unit length between the two dislocations depends on the relative position between them,
where r and are defined in Fig. 4͑h͒ , G is the shear modulus, is the Poisson's ratio, and b the magnitude of the Burgers vector. 24 When is larger than / 4, the force between the two dislocations is repellent; otherwise, the force is attractive. We have made an estimation that the shear stress is about 2.2ϫ 10 −3 Pa, G = 0.05 Pa, b = 0.4 m, and the distance between two nearest slip planes is 0.6 m. The repulsive interaction between the two loops is balanced by the shear stress when r = 0.75 m and = 53°.
In summary, we used the laser diffraction microscopy to observe in real time the motion of and the interaction between the partial dislocations in thin colloidal crystals. Each dislocation in the thin crystal appears as a loop, which consists of two straight segments running parallel to the surfaces and two bowed segments at the ends of the loop. The straitening of the dislocations is due to the confinement of the flat capillary used to contain the crystal. A stacking fault is located between each pair of straight segments. Our results demonstrate that the formation of partial dislocation loops with the associated stacking faults is an energetically preferred strain-relaxation channel for the colloidal crystals. By measuring the velocity of the head of a dislocation loop, we can estimate the local residual stress in the colloidal crystals. In addition, we observed interacts between the partial dislocations that were inferred in the theory of dislocations but has never been observed in real time before. The dynamics of the dislocations can be well explained by the continuum approach commonly used to describe the dislocations in atomic crystals. An advantage of using the colloidal crystal as the model systems is that we can directly visualizing the dynamical processes in crystals which are difficult to see in real time by, e.g., x-ray topography and/or electron microscopy. 
